Introduction
Thickness measurement of soft tissues is notoriously difficult, as these materials deform significantly even when low loads are applied. The thickness value affects the calculation of engineering stress, as it is adopted to estimate the undeformed cross-sectional area of the sample. Hence, the stress-strain curve, describing the tissue mechanical behaviour, can be severely affected.
Particular emphasis is given to numerical prediction associated to life threatening diseases, such as aneurysm rupture. However, sophisticated numerical models often rely on mechanical responses obtained from experimental tests.
Therefore, experimental data used in the model need to be acquired more rigorously. Furthermore, a convenient strain-energy function (SEF) needs to be used to facilitate predictions of stress distribution across the vessel wall thickness under physiological or pathological loads. Unique mechanical behaviours emerge from each SEF applied to the same original data set (de Gelidi et al., 2016) .
Throughout experimental testing, force values are objectively measured by the load cell, while the evaluation of ST 2 is discretionary with no universal methodology adopted. Typically, the thickness is assumed constant for all samples tested (Choudhury et al., 2009 ) and rarely it is estimated for each specimen (Sokolis et al., 2002; Pierce et al., 2015) . As a standard protocol is still missing, even some of the most recent studies fail to specify the methodology adopted to evaluate the specimen thickness (Vahapoglu et al., 2011; Bailly et al., 2012 Bailly et al., , 2014 . Currently, a variety of experimental methods are 2 Sample Thickness available to measure the thickness,including a laser micrometer (Sokolis et al., 2002; Di Martino et al., 2006; Iliopoulos et al., 2009 ), a video-extensometer (Holzapfel et al., 2005; Weisbecker et al., 2012) , a constant force thickness indicator (Choudhury et al., 2009) , digital callipers (Fitzpatrick et al., 2010; Raghavan et al., 2011; Stemper et al., 2007) or a dial gauge (Sugita and Matsumoto, 2013) . Following the authors suggestions (de Gelidi et al., 2015) , latest works (Deplano et al., 2016) started to estimate sample thickness by image processing. However, no agreement has been reached to date about the reference configuration that should be used to measure the ST, as they can be totally unloaded (Vande Geest et al., 2006) , loaded into grips (Raghavan et al., 2011) or sandwiched between metal plates (Sugita and Matsumoto, 2013 ) when the measurement is conducted.
Finite element solutions are effective to predict and assess stress and strain, throughout the model, i.e. arterial wall, and provide additional insight compared with various analytical studies. Such computational models typically evaluate the effect of several boundary conditions, i.e. supra-physiologic loading (Schmidt et al., 2015) , and different tissue modelling strategies, i.e.
isotropic (Delfino et al., 1997; Wang et al., 2002; Giannakoulas et al., 2005; Giannoglou et al., 2006; Shang et al., 2015) or anisotropic (Holzapfel et al., 2004; Ma et al., 2007; Rodríguez et al., 2008; Badel et al., 2011; Alhayani et al., 2013) . Recently, it has been demonstrated that variable wall thickness finite element models, compared to uniform designs, produce significantly different computational predictions for aneurysm expansion (Shang et al., 2015) . Shang et al. (2015) demonstrated numerically that the inclusion of locally variable wall thickness allows aneurysm expansion to to be explored.
Since such thickness values have not been validated, Shang et al. empha- sized that no universal measuring technique has been established for tissue specimens. Existing literature regarding abdominal aortic aneurysms mainly focus on aneurysm growth (Volokh and Vorp, 2008; Watton et al., 2009; Shang et al., 2015) or aneurysm rupture for idealised (Rodríguez et al., 2008; Volokh and Vorp, 2008; Doyle et al., 2009) or patient specific geometries (Giannoglou et al., 2006; Gasser et al., 2010 Gasser et al., , 2014 , with a clear absence of any investigation of aneurysm formation. In this context, the studies of Fu et al.
(2008); Rodríguez and Merodio (2011) ; Alhayani et al. (2013 Alhayani et al. ( , 2014 are an exception. However, the initial cylindrical configuration is usually assumed to have uniform wall thickness. To the best of the authors knowledge, no study has explored the effect of variable wall thickness on aneurysm formation based on experimental data related to soft tissues. Hence, this aspect represents the main novelty of the current investigation.
The present study aims primarily at investigating the impact of using five different possible methodologies to estimate the ST on finite element predictions for aneurysm formation. Healthy porcine descending aortas have been characterized by means of uniaxial tensile tests. Subsequently, five stressstrain responses have been obtained from the following thickness values:
• the average of all points from the selected sample (ST1)
• three points from the selected sample (ST2)
• the minimum of all samples tested (ST3)
• the maximum of all samples tested (ST4)
• the average of all samples tested (ST5).
The resulting mechanical behaviours have then been imported in two computational models of aorta, evaluating the physiologic behaviour and the aneurysm instigation respectively.
Since it is reported that the pre-stretch is fundamental to achieve a mechanically stable deformed configuration (Rachev, 2009) , such feature has been included as a boundary condition to model the physiologic cardiac activity (Lee et al., 2012; Badel et al., 2013) . On the other hand, elastic instability, that could lead to aneurysm formation, was investigated by modified Riks method (Wriggers, 2010; Bucchi and Hearn, 2013a,b; Alhayani et al., 2014) .
The aortic wall has been modelled as isotropic, an assumption widely adopted in the literature (Raghavan and Vorp, 2000; Giannakoulas et al., 2005; Isaksen et al., 2008; Scotti et al., 2008; Gasser et al., 2010; Wang and Li, 2011) .
Finite element simulations allowed a precise comparison of results in order to highlight the role of ST. Predictions in terms of radial stretch, peak wall stress and critical pressure values have been compared in association to the ST estimation and the SEF used to fit the stress-strain curve.
As an additional analysis of aneurysm formation, the influence of local artificial imperfections in the FE geometry is also addressed here. Different to studies focused on pathological tissues, the investigation of such imperfection appears novel as it aims to understand whether a local different geometry may lead to aneurysm formation in a healthy aorta.
It is worth emphasizing that the present study highlights, in the context of numerical simulations, the need for awareness of experimental data input.
Materials and methods
An overall summary of the methodology adopted in the present study is presented in Figure 1 . Further details on each step are reported in the following sections.
[ Figure 1 Thickness and initial length were optically determined for each sample mounted between grips in the initial configuration, by means of an in house Matlab script (Mathworks, Massachusetts, US). In order to enhance the contrast of the region of interest (ROI) and to facilitate edge detection in the image segmentation, a black background was applied for the estimation of the thickness. Similarly, a white background was used to measure the initial length, as strips needed for the use of the video-extensometer were black.
In both cases, the Sobel edge detection method (Parker, 2010) was applied on the ROI, which was manually selected (Fig. 2) . Pixel conversion in mm was based on the grip dimensions, previously measured by means of a digital calliper.
[ Figure 2 about here.]
A total of 12 samples, 6 for the thoracic and 6 for the abdominal aorta, were pre-conditioned by 5 cycles performed at 1.2 Hz. Uniaxial tensile tests were carried out at 0.2 mm/s using a BOSE (Electroforce 3200, Bose Corporation, USA) machine equipped with a 225 N load cell. In order to guarantee the accuracy of strain measurement for aortic samples, a preliminary test was carried out. Hence, the displacement achieved during uniaxial tensile tests was simultaneously recorded by the cross-head of the machine and a videoextensometer. As a result, an average strain difference of 35% between the measuring techniques was appreciated. In addition, the axial strain of tissue specimen is commonly measured by means of the video-extensometer (Lally et al., 2004; García et al., 2011; Maher et al., 2012; Peña et al., 2015) .
Therefore, the use of the video-extensometer has been valued as the best compromise between accuracy and rapidity. Through the test, the displacement between the stickers, applied on the sample surface, was measured by a Messphysik video-extensometer with a field of view ranging from 50 mm to 0.4 m (Messphysik Materials Testing GMBH, Austria). The recording has been activated before any movement of the cross-head and stopped manually after the end of the test.
Data analysis and fitting
Five distinct methodologies were applied to estimate the ST. As shown in Fig. 2C (Measure of thickness), the side view of the sample was examined to calculate the ST. Although the thickness may vary along the sample width (2 mm), such local variations are considered negligible compared to the magnitude of ST. This is corroborated by the reduced change in thickness measured along the longitudinal direction of the sample (12 mm). However, the side projection captured the maximum local thickness for each section, which is further referred as point. The first two methods are based on just one sample, producing an average mechanical response: the sample specific thickness (ST1), retrieved using the Matlab script, and the average of specimen thickness in three points (ST2), as described in the literature (Zemanek et al., 2009; Fitzpatrick et al., 2010) . ST1 takes into account all points in the ROI (Fig. 2C) , while ST2 considered just the top, middle and bottom points in the ROI. The remaining three methods are based on the overall experimental series, using all the specimens to retrieve the mathematical minimum (ST3), maximum (ST4) and average (ST5) thickness for the abdominal and thoracic region of the aorta.
The aortic wall was treated as incompressible and isotropic since only uniaxial properties were measured. Subsequently, stress-strain data were described by means of different mathematical formulation, where W indicates the recoverable energy stored in such material as it deforms. An integral approach for the SEF is represented by the Marlow model (Marlow, 2003) , where the nominal uniaxial stress τ 1 ( ) is integrated over the strain interval [0, * ]:
Another approach consists of fitting data with other SEF such as the following strain-energy functions in Abaqus (v. 6.14, Dassault Systèmes S.A.,
Ogden (1 st , 2 nd and 3 rd order) (Ogden, 1972) 
where N indicates the order of the function, λ i represent the principal stretches, µ i and α i are temperature-dependent material parameters that allow a good fit of the theoretical description to the experimental data (Ogden, 1972) . In Abaqus, the factor multiplying the sum of deviatoric principal stretches is different, being 2µ i /α 2 i .
Yeoh (Yeoh, 1993 )
where I 1 corresponds to the first strain invariant of the right CauchyGreen deformation tensor, while C 10 , C 20 and C 30 are fitting coefficients.
Neo-Hookean (Treloar, 1943 )
which can be viewed as a simplification of Yeoh's model.
Finite element modelling
Experimental data were imported in a simplified aortic geometry, modelled in Abaqus as a hollow cylinder with radius equal to 10 mm (Wang and Parker, 2004 ) and length 200 mm. A mesh sensitivity was carried out and a final mesh of 3264 elements (64 elements in circumferential direction and 51 elements in longitudinal direction) was deemed as appropriate, showing independence of critical pressure respect to the number of elements. Four node shell elements with reduced integration (S4R) were adopted to mesh the geometry (Raghavan and Vorp, 2000; Giannoglou et al., 2006; Badel et al., 2013) . The thickness of the arterial wall for each model has been assumed to be the average value estimated from experimental tests: 2.5 mm for the thoracic and 1.64 mm for the abdominal aorta. Such choice allows to evaluate the sole role of experimental measurements on numerical models. Material is assumed isotropic, incompressible and described by constitutive models as detailed in Section 2.2. Previous studies assumed the stress in the load-free configuration, in which the arterial wall is not subjected to any loads, to be negligible (Raghavan and Vorp, 2000; Wang et al., 2002; Georgakarakos et al., 2010) . The same assumption has been made for models presented in the following sections. Two distinct analyses have been carried out to simulate the physiologic inflation and the aneurysm formation ( Figure 1 ). Appropriate boundary conditions and loads are detailed in the following sections for the two specific cases analysed.
Physiologic inflation
The physiologic FE model aims to explore the effect of experimental thickness measurement on radial displacement (deformation) and stress distribution in healthy conditions. Such analysis represents a typical preliminary stage to study arterial instability (Badel et al., 2013) .
If a pulsatile load, in a transient dynamic analysis, is applied directly to the structure, oscillations in the structural response are observed. Therefore, in order to model a stable and realistic aortic response under physiologic conditions, two numerical approaches have been devised: the first is based on the introduction of Rayleigh damping, the second applies a pre-stretch to the blood vessel.
Firstly, Rayleigh damping has been applied to model the energy dissipation in a transient dynamic analysis. A brief theoretical note is included in the Appendix. This approach aims to avoid excessive circumferential and longitudinal displacement fluctuations during the cardiac cycle. The ends of the arteries are considered fully clamped (Scotti et al., 2008; Avril et al., 2010; Gasser et al., 2010) . The application of the pulsatile cycle is preceded by a slow inflation of the aorta up to the diastolic pressure value (80 mmHg), see Figure 5A (1-5 seconds). The pressure waveform adopted (Scotti et al., 2008) was normalized on 1 second of period per cycle. Despite the Rayleigh approach counting damping weighting coefficients as proportional to the mass (α) and stiffness (β) matrix (Bathe, 1996) , some studies preferred to take into account only the coefficient α (Tezduyar et al., 2008; Conway et al., 2012) .
However, the adopted values for arterial models are rarely published and not justified by any experimental evidence (Tezduyar et al., 2008) . Therefore, The other approach is based on the physiologic evidence that arteries in situ are pre-stretched in the axial direction (Learoyd and Taylor, 1966; Horný et al., 2014) . In this study a pre-stretch λ = 1.09 (Learoyd and Taylor, 1966) was applied to model physiologic boundary conditions. This means that displacement boundary conditions are specified on both ends of the aorta to guarantee the axial stretch. The load is applied on the lumen of the aorta as represented in Figure 5A (0-5 seconds). In order to compare the effect of the solver on the prediction of radial displacements and wall stress, two numerical analysis have been conducted for this second approach: quasi-static (periodic pulsatile pressure) and transient dynamic.
Aneurysm formation
An FE model of the aorta subjected to a supra-physiologic pressure is proposed to study the instigation of the aneurysm formation. Different to the previous physiologic model, no axial pre-stretch was applied to evaluate the worst case scenario: the pre-stretch, normally ensuring arterial stability (Rachev, 2009 ), rapidly decreases with ageing (Horný et al., 2014) . Both ends of the aortic geometry were fully constrained and an internal inflating pressure of 1 kPa was applied as initial load for the nonlinear finite element analysis using the arc-length method (Riks, 1979; Wriggers, 2010) . In a preliminary analysis, the entire length of the aorta (20 cm) was considered to have uniform thickness and material properties were applied using the experimental data treated according to methods ST1 -ST5 (see Introduction).
This analysis permits the highlighting of the effect of sample thickness, experimentally determined, on numerical predictions.
Later, a non uniform thickness was introduced in the model. The aorta is partitioned in upper, middle and lower segment as depicted in Figure 3A .
Artificial local macroscopic imperfections were introduced in the computational model to understand whether geometrical alterations are critical for aneurysm formation. Particularly, an abrupt axysimmetrical ring imperfection (Lopes et al., 2007) in the central part of the aorta was produced, reducing by 50% the thickness of the shell in the central part of the aortic model ( Figure 3B ). In order to figure out whether the profile of the alteration may affect the results, the ring imperfection has been subsequently smoothed assuming a sine shape (Fig. 3C) . Finally, the authors decided to investigate the existence of a threshold, below which aneurysm may be predicted in a healthy thoracic aorta presenting local thickness reduction.
[ Figure 3 about here.]
Results
The findings of the study are presented in four sections. The first one details the thickness measurements collected during the experimental campaign, needed to post-process the data sets ( Figure 1 ). The second one reports the parameters that fit experimental data to the constitutive models. The following sections describe the outcomes produced by the numerical models, which mimic the physiologic and pathological behaviour of the aorta.
Thickness values
The application of the optical method estimated a sample-specific thickness (ST1) of 2.22 mm for the thoracic and 1.67 mm for the abdominal aorta.
Out of six samples tested for each aortic region, the average stress-strain response has been selected. Hence, the thickness values above refer to such specimens. In addition, thickness values of thoracic samples range from a minimum (ST3) of 2.12 mm to a maximum (ST4) of 3.05 mm, the average of all specimens (ST5) being 2.56 mm. The methodology averaging only three measurements (ST2), within the ROI of the selected sample, produced a thickness value of 2.47 mm.
Abdominal samples thickness values extend from a minimum (ST3) of 1.28 mm to a maximum (ST4) of 2.18 mm, the average of all specimens (ST5) being 1.64 mm. The average of three points (ST2) in the ROI of the selected sample has been estimated to be 1.8 mm.
Fitting of experimental data
The experimental stress strain curves for the thoracic and abdominal aorta are presented in a Figure 4 . In the plots also the results for the four fittings models (Neo-Hookean, Yeoh, 2 nd order Ogden and Marlow) are presented. The correspondent fitting parameters are reported in Table 1 . It is worth noting that the Marlow strain-energy function does not require fitting as described in Section 2.2 and hence no fitting parameters are reported in Table 1 .
[ Table 1 
Physiologic model
Several attempts were performed to carry out a transient dynamic analysis including Rayleigh damping to the aortic model, in many cases excessive circumferential fluctuations were generated. For instance, whether a high value of mass proportional damping was assigned (i.e. α = 2, β = 0), instabilities arose from the end of the second cardiac cycle: the aorta appears to fluctuate around the axial axis. On the other hand, a low mass proportional damping insured a complete stability during the inflation of the aorta (i.e. α = 0.01, β = 0.02). However, the lack of physical relevance for the numerical value of these damping parameters in the context of soft tissue, have motivated the authors to investigate an alternative approach. The application of the pre-stretch to the aortic model has been successful in avoiding excessive oscillations, as reported in Fig. 5B and C.
[ Figure 5 about here.]
It was noticed that the initial transient is needed to avoid oscillations that otherwise appear at the beginning of the periodic pressure wave (Fig. 5 A) .
Responses in terms of radial displacement (Fig. 5 B) and Von Mises stress [ Table 2 about here.]
Aneurysm formation
In the interpretation of results, an aneurysm was considered formed under the fulfilment of the following two conditions: Riks solver predicts an instability and a bulge is observed in the model. Typically, the bulge is identified by the wall stress values in the central part of the aorta appearing considerably higher compared to the rest of the model. Since von Mises stress is quite often reported to produce a prediction of aneurysm growth (Shang et al., 2015) , repair (Wang and Li, 2011) and rupture (Raghavan and Vorp, 2000; Wang et al., 2002; Scotti and Finol, 2007; Rodríguez et al., 2008) , it has also been adopted in this work to describe the bulge initiation.
The influence of ST in the instigation of an aneurysm is explored for both the thoracic and abdominal aorta. In the case of the FE model of an homogeneous thoracic aorta, the only SEF that predicts aneurysm formation is the Neo-Hookean. Differently, the abdominal model experiences an aneurysm also when Marlow SEF is adopted to reproduce the experimental data. The associated critical pressure values are reported in Tab. 3.
[ Table 3 about here.]
The application of an artificial ring imperfection on the aortic part leads to a substantial change in predictions for the thoracic model, since aneurysm formation is now predicted by Marlow SEF. The critical pressure values computed for an abrupt or smoothed ring imperfection are shown in Tab. 4a.
Further simulations, using thickness reduction between -30% and -25%, did not generate clear outcomes.
[ Table 4 about here.]
In addition, the role of the percentage of reduction on the maximum Von
Mises stress values seems not to be relevant (Fig. 6 ).
[ Figure 6 about here.]
The impact of the ST on the predicted peak wall stress in the thoracic model is shown in Fig. 7 . Above a radial stretch of 0.1 the scatter between the ST is directly proportional to the scatter of the stress values.
[ 
Discussion
The effect of an up-to-date optical methodology to estimate the sample specific thickness is detailed. Although previous studies evaluated the wall thickness at multiple points (Raghavan et al., 2006; O'Leary et al., 2014) or by means of several techniques (Lee and Langdon, 1996) , no measuring procedure has been validated among tissue samples (Shang et al., 2015) . In the present work, the ST value is computed as the average of all points included in the ROI (Fig. 2) . The impact of the present optical approach on numerical models has been compared with other methodologies, such as measuring the ST in three or four points (Sokolis et al., 2002; Pierce et al., 2015) . Therefore, two main finite element models have been implemented to reproduce the physiologic cardiac activity and to study the aneurysm formation in the healthy aorta, when assumed to be isotropic. The main focus of the present work is on the role of the ST, more than on the implementation of the most reliable aortic model. Results show that even in a simplified isotropic model the scatter in prediction appears appreciable.
Five different methodologies to measure the ST have been compared. As a result, the scatter between the minimum and the maximum thickness values taken into account for each thoracic and abdominal aorta is less than 1 mm.
However, the sample-specific measures do not necessarily correspond to the average outcome of the five methodologies since they are below or equal to the median of the range.
Although a combination of Rayleigh damping coefficients (α = 0.01, β = 0.02) applied to the physiologic model generated a stable outcome, it is difficult to assess whether such damping is representative of physiologic conditions. No experimental observations have been found in the soft tissue literature. Differently, a realistic pre-stretch of the aortic model produced stable outcomes, avoiding fluctuation and vibrations by means of a quasistatic approach. The quasi-static model (Pierce et al., 2015) has been preferred, as computational costs are reduced and higher stability is reached compared to the dynamic analyses. To the best of the authors knowledge, the investigation of this aspect is novel, since no previous study has compared such approaches to achieve stable FE outcomes. The pre-stretch approach (Alhayani et al., 2013; Badel et al., 2013; Schmidt et al., 2015) generates a minimum variation of the radial displacement in response to the systolic peak. Conversely, wall stress peaks are more pronounced and one order of magnitude higher than the pressure inflating the aorta (Fig. 5) . As a result, the model associated to maximum ST value expects that a physiologic pressure may instigate an aneurysm formation (∼ 122 mmHg). Such result can be explained as a limitation of the present isotropic model along with an effect of the ST over-estimation, since the minimum ST computes a pathological pressure level (∼ 208 mmHg). Moreover, the adoption of NeoHookean SEF always predicts a bulge formation. Single elastin fibres are responsible of the arterial compliant response and they exhibit Neo-Hookean mechanical behaviour. However, the overall non-linear behaviour cannot be described by such constitutive model (Watton et al., 2009) . Similarly, Kyriacou & Humphrey (Kyriacou and Humphrey, 1996) expressed their concern about the adoption of Neo-Hookean SEF to describe soft tissue behaviour. This is why results of Neo-Hookean simulations are not presented as demonstration of aneurysm formation. On the other hand, Marlow SEF avoids the curve-fitting, that may introduce artefacts on the acquired aortic material response, ensuring a controllable mechanical behaviour beyond the range of data (Marlow, 2003) .
For the healthy thoracic aorta aneurysm formation is expected exclusively along a local geometrical thinning or material weakening (inflammatory process), modelled in this work as an axisymmetric ring. In order to define a safe guideline, it appears that a minimum reduction of 30%, compared to the thickness of the model ends, is required to observe aneurysm formation in the thoracic aorta. Thus, a dramatic reduction in wall thickness, indicated as a possible site for an aneurysm rupture (Raghavan et al., 2006) , could be responsible for aneurysm formation as well. In addition, the trend observed in the physiologic model is confirmed, since a direct and consistent effect of the sample specific thickness can be appreciated in Tab. 4a and Fig. 8 . Also, critical pressure values appear to decrease with increasing degree of thinning.
This outcome is supported by the abdominal results that report a reduction in pressure value directly proportional to the reduction in thickness (Tab. 4b). However, while the ST is affecting the wall stress values (Fig. 7) , the reduction of the thickness in the thoracic model seems irrelevant in the wall stress predictions (Fig. 6 ).
The predictive capability of isotropic models based on uniaxial experimental data represents the main limitation of the present study, since they can only approximate the physiologic behaviour (Holzapfel, 2006) . However, an anisotropic model and the effect of fibre orientation are beyond the scope of this work. In addition, residual stresses, which give rise to residual strains, are not taken into account in the present investigation.
Future works will focus on a more complex geometry along with anisotropic modelling, achieved by collecting biaxial experimental data. The optical methodology, detailed and validated in the present study, will be adopted to estimate the sample specific thickness.
Conclusions
The present investigation draws attention to the need for a standard protocol in measuring ST. Despite the assumptions introduced (e.g. isotropic model, simplified geometry), numerical analyses quantified the effect of this experimental feature in either physiologic or pathophysiologic conditions. As an example, the ST clearly alters the predicted critical pressure instigating the bulging appearance. Therefore, it is recommended to take into account all the points in the ROI, as devised in the ST1 methodology. Given the biological variability of soft tissues, selecting only a number of points would lead to different numerical predictions.
The current study also highlighted a limited awareness in the literature of Rayleigh damping applied to soft tissues. Further investigations are needed to fully assess the physical relevance for the values of the Rayleigh damping parameters used to stabilise the structural response.
As an additional outcome of this study, a local thickness reduction in the FE model, over a certain threshold, could be one of the triggers for the aneurysm formation in a healthy aorta. Further efforts are required to verify such hypothesis, overcoming some of the current FEM assumptions. Lastly, such prediction appears also strictly dependent on the constitutive model adopted to fit the aortic mechanical response. Therefore, it is worth comparing multiple SEFs to assess the reliability of prediction models, since pathological behaviour may arise just from a particular function.
Appendix
The equation of motion of a linear dynamic system can be written as
where M, C and K are the mass, damping and stiffness matrices and x and f are displacement and force vectors, respectively. Hence,ẍ indicates the acceleration, whileẋ is the velocity. A common approach to introduce damping in a structural analysis is represented by the Rayleigh decomposition:
where α and β are arbitrary constant coefficients (Liu and Gorman, 1995) .
In FEM, damping is a material property specified as part of the material definition. The α factor simulates a structure moving through a viscous ether, hence it gives a damping contribution proportional to the mass matrix for an element. The β factor introduces damping proportional to the strain rate, which can be thought as damping associated with the material itself.
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